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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1583

SUBCOOLED BOILING HEAT TRANSFER UNDER
FORCED CONVECTION IN A HEATED TUBE

By S. Stephen Papell

SUMMARY g

Single- and two-phase heat-transfer data were obtained by using distilled
water flowing through an Inconel X resistance-heated tube. The nonboiling data
were correlated with a Colburn-type equation that was modified to include the
bolling phenomena by means of three significant parameters obtained by dimen-
sional analysis fram basic considerations. Comparable heat-transfer data from
reference sources, covering a broad range of conditions, were used in the de-
velopment of the correlation. The reference data and the limited data obtained
from the experimental program extended the generality of the correlation to
cover a range of pressure fram 16 to 2000 pounds per square inch, heat flux from
0.026 to 56.0 Btu per square inch per second, fluid velocity from 1.33 to 204
feet per second, and subcooling from 6° to 336° F. Liquid-ammonia data were in-
cluded to demonstrate the applicability of the correlation to fluids other than
water.

Comparisons were made between wall temperatures at the incipience of boiling
as predicted by an analytically derived equation and the experimental data.

INTRODUCTION

Emphasis has previously been placed on obtaining engineering correlations of
experimental data from both pool and forced-flow boiling systems. Unfortunately,
a basic approach at obtaining an understanding of boiling mechanisms is hampered
by the complex interaction of the many parameters involved, and analysis becomes
difficult. Many unknowns such as the dependence of heat flux or surface condi-
tioning and the statistical nature of bubble growth are difficult to evaluate.
Equations presented in the literature are usually derived from limited data by
using correlating technigues that do not include all the significant parameters.

The confusion that exists in connection wlth pool boiling is shown in ref-
erence 1 by a partial list of correlations obtained since 1952. These equations
are reliable for individual sets of data but not for general use. Calculations
have shown that deviations of heat flux can vary by a factor of Z or more.

The present investigation is concerned primarily with the forced-flow sys-
tem. The added complexity of the fluid velocity on the ebullition process makes



analysis more difficult than would be expected for the pool-boiling systemn.
Correlations presented in the literature are, therefore, either strictly empir-
ical or based on some semiempirical method. References 2 to 12 contain a par-
tial listing of such correlations, which are subject to the limitations existing
in pool boiling. Correlations that work well for one set of data do not necesg-
sarily fit data from other facilities even for similar test conditions.

Although it 1s not expected that a unique set of data could ease the con-
fusion that exists, it is felt that reliable heat-transfer data are required to
provide the tools for obtaining a more general understanding of the boiling
phenomena. An experimental investigation was initiated with the expectation
of using the data obtained to develop a more general type of engineering cor-
relation.

Single- and two-phase heat-transfer data were obtained by using distilled
vater flowing through an Inconel X resistance-heated tube. The test section was
€.5 inches long and had an inside diameter of 0.311 inch. The system variables
included a range of pressure from 37 to 179 pounds per square inch absolute,
velocity from 3.8 to 12.5 feet per second, heat flux from 0.37 to 1.60 Btu per
square inch per second, and subcooling from 180° to 263° F.

The nonboiling heat-transfer data obtained were first correlated using a
Colburn-type equation made up of a group of dimensionless parameters. The boil-
ing phenomena were then included by modification of this conveetion equation with
three significant parameters obtained by dimensional analysis from basic consid-
erations. The initial parameter used relates the volumetric rate of vaporiza-
tion of the liquid to the fluid velocity along the heated surface. This rela-
tion was presented in reference 8 as a correlation of boiling data limited to a
Tixed pressure level and, when substantiated, was used as the basis for the
present correlation. Two additional parameters were used to include the effect
of pressure and degree of subcooling in the final correlation. The development
of' the correlation included forced-convection boiling heat-transfer data ob-
tained from the literature, which covered a wide range of fluid properties and
flow conditions. Liquid-ammonia data were shown to fit the correlation.

Experimentally determined wall temperatures were compared with calculated
wall temperatures by employing an analytically derived equation (ref. 13) that
predicts the inciplence of boiling.

EXPERIMENTAL EQUIPMENT
Flow System

The flow system, which employed an explusion bag for obtaining steady fluid
flow through the test section, is shown schematically in figure 1(a). Distilled
water was contained in a neoprene-type bladder installed in the tank upstream of
a flow-measuring orifice. Nitrogen gas, at controlled Pressures, was introduced
between the inner wall of the tank and the outer surface of the bladder to force
the fluid through the flow system.

Mixing chambers, each consisting of a system of baffles, were installed



before and after the test section to eliminate temperature stratification in the
fluid bulk. A system of valves and regulators controlled the flow rate and
pressure level throughout the apparatus. The fluid discharged into the col-
lector tank, which also contained an expulsion bladder for recycling. The pip-
ing apparatus was constructed entirely of stainless steel to minimize contamina-
tion problems.

Test Section

A schematic drawing of the instrumented test section (fig. 1(b)) shows meas-
uring stations for wall temperature, pressure, and voltage drop. Inconel X tub-
ing with an inside diameter of 0.311 inch and a 0.012-inch wall thickness was
employed. The resistance-heated portion of the test section was 6.5 inches
long. Pressure tubes, voltage taps, and iron-constantan thermocouples were
silver soldered to the tube.

A 9000-watt alternating-current generator supplied power to heat the test
section through two electrodes brazed to the outer wall of the tube. The power
input was controlled by a variable transformer. The test section was electri-
cally insulated from the rest of the flow system and was wrapped in Fiberglas
to minimize ambient heat loss.

Instrumentation

Bulk temperature and pressure were measured in the mixing chambers located
at the inlet and the exit of the test section. The test section was instrumented
with 12 thermocouples made of 28-gage iron-constantan wires installed in two
rows along the length of the tube located 180° apart. The five pressure taps
vere made of 0.035-inch-outside-diameter stainless-steel thin-wall tubing. The
five voltage taps were made of 28-gage copper wire .

All the basic data, including temperatures, pressure, flow rate, and
alternating-current tube voltages, were converted to low direct-current voltage
so that they could be recorded on a multichannel oscillograph.

EXPERIMENTAL PROCEDURE

The controlled variables for operating the test apparatus included system
pressure, flow rate, and power to heat the test section. For fixed values of
pressure and flow rate, data were obtained at discrete intervals of power input
to the limitations of the power source. At each power setting sufficient time
vas allowed for the system to reach steady-state conditions before the data were
recorded. The same procedure was repeated for a range of flow rate and system
pressure. At low flow rates, the wall temperature limited the amcunt of elec-
tric power that could be dissipated in the tube.

The heat-transfer data covered a range of system pressure from 37 to 179
pounds per square inch absolute, fluid velocity from 3.8 to 12.5 feet per second,



heat flux from 0.37 to 1.€0 Btu per square inch per second, and subcooling from
150° to 263° 7,

COMPUTATION PROCEDURE AND DATA PRESENTATION

Determination of experimental heat-transfer coefficients required local
values of heat flux, inside surface wall temperature, and bulk temperature. The
heat flux was obtained directly from measured values of current and voltage drop
by the follcowing equation:

q = 0.984x1073 E-? (1)
1

(A1l symbols are defined in appendix A.) Equation (1) denotes a uniform hesat-
flux distribution because of the insignificant change in electrical resistivity
throughout the range of wall temperatures obtained. Verification of a linear
veltage drop was made by five voltage taps spaced over the length of the test
section.

Since the heat-transfer coefficient is based on heat flux from the inner
surface of the tube, the measured outside wall temperatures were corrected for
temperature drop through the wall. The following theoretical equation that as-
sumes uniform internal power generation was obtained from reference 2:

-k g (2)

where

The local bulk temperatures were obtained by assuming sensible heating of
the fluid as indicated by the following equation:

Tp,x = Tp,in * (3)

Lime 18]

The second term on the right side of the equation is a measure of the temperature
rise of the fluid caused by the heat input. This term was evaluated at each
measuring station and added to the measured inlet bulk temperature to obtain the
local bulk temperatures. The sensible heating assumption is correct for the
single-phase heat-transfer data and can be accepted as vslid for the two-phase
heat-transfer data because of the high subcooling involved.

In order to eliminate uncontrollable end effects, the data presented were
taken from the midportion of the test section. Table I lists the data snd com-
pleted computations for temperature measuring station number 11, which was



chosen as representative of typical data in the midportion of the test section.

CORRELATION PROCEDURE AND DISCUSSION OF RESULTS
Nonboiling

The nonboiling heat-transfer data obtained in the present investigation were
correlated by using a Colburn-type equation (ref. 2) with fluid properties evalu-
ated at film temperature Tp. The logarithmic plot of the results presented in
figure 2 shows a data scatter of approximately 20 percent. The equation of the
dashed line representing the correlation is

07 \0- 8 - 0.4
cale = 0-021 {7 ). (4)

References to calculated Nusselt number will imply use of equation (4) only when
dealing with the experimental data presented herein. Nonboiling correlations
presented in reference sources will be assoclated with their respective data.

Subcooled Boiling

Forced-convection boiling data from references 3, 4, 5, 10, and 11 along
with the data obtained from the experimental program described herein were used
to develop an effective correlation. The wide range of variebles in the refer-
ence data (table II) increased its generality. The data were correlated by
means of three significant parameters obtained by dimensional analysis from
basic considerations. A nondimensional parameter presented in reference 8 as a
limited relation of boiling data was used as the starting point of the present
correlation. Two additional parameters were then determined to compensate for
a subcooling effect (independent of pressure) and a pressure effect that were
revealed by an evaluation of all the data.

The initial correlation of the experimental data is presented in figure 3,
which shows a ratio of Nusselt numbers plotted against a dimensionless perameter.
The ratio of Nusselt numbers is used consistently in all succeeding plots, and
the development of the correlation is indicated by the changes in the parameters
on the abscissa. The numerator of the ratio of Nusselt numbers is an experi-
mentally determined Nusselt number based on local values of heat-transfer coef-
ficients, and the denominator is a calculated Nusselt number based on equa-
tion (4) or any nonboiling forced-convection correlating technigue specified in
the references. The Nusselt number ratioc remains at a value of unity for all
nonboiling data, and it is greater than unity when boiling persists because of
the increased heat-transfer coefficient in the experimental Nusselt number.

The parameter q/%vab depicts a correlation of boiling heat-transfer data
obtained at a unique pressure level (ref. 8), and it was developed from a dimen-
sional analysis of the basic heat-transfer mechanism. The existence of two dis-
tinct modes of heat transfer was assumed from the laminar transition layer along
the wall to the bulk of the boiling fluid. The first mode was responsible for



the amount of heat transfer by turbulent mixing as a result of the velocity gra-
dient. The second mode was a measure of the heat transfer due to molecular mass
transfer caused by bubbles departing from the heated surface. A detailed de-
scription of the analysis may be found in reference 8.

The parameter q/kpvvb was calculated by using the experimental datas ob-
tained in this investigation, and figure 3 depicts its limitations in affecting
a correlation. Boiling data at a unique pressure level are on & line having a
slope of 0.7 and increased pressures shift this line to the left. Both of these
observations are resported in reference 9 along with a complete correlation based
on two additional parameters to correct for changes in pressure level. The equa-
tion presented (ref. 9) does not correlate the present experimental data or the
reference data used in this investigation. The unavailability of the data used
to obtain this correlation makes explanations for this discrepancy difficult.

An examination of the available data revealed the existence of a subcooling
effect, independent of pressure level, that must be compensated in any effec-
tive correlating procedure. Figure 4 is a plot of the correlating parameter
applied in figure 3 with data from references 3 to 5 obtained at a pressure
level of 2000 pounds per square inch absolute. The amount of subcooling is
marked at each datum point, and dashed lines with a slope of 0.7 are drawn
through nearly constant values of subcooling. The spread of these lines clearly
indicates an effect of as much as two orders of magnitude for these data.

In order to compensate for the subcooling effect, a parameter obtained by a
strictly empirical approach was determined from the experimental data. The re-
ciprocal of the amount of subcoocling raised to the 1.20 power [l/(TS - Tb)]l.ZO
proved to be an effective correlation. In order to maintain nondimensionality,
the parameter was modified to inc%ugg the heat of vaporization and the specific
heat of the fluid [K/CP(TS - Tp) ]+ “Y. This particular grouping had been ob-
tained from a parametric evaluation of the heat balance in and out of a control
volume containing a boiling fluid (ref. 7). The spread in the data of figure 4
was effectively eliminated when the data were replotted in figure 5 by including
the parameter [A/ep(Tg - Tp)11+20 as an integral part of the correlating equa-
tion (fig. 5). The heat of vaporization was evaluated at saturation conditions
and the specific heat at the mean temperature between saturation and local
bulk.

The spread of data due to pressure (fig. 3) could effectively be eliminated
by the inclusion of a parameter consisting of the ratio of wvapor density to lig-
uid density previously used in reference 9. An exponent equal to 1.08 was em-
perically derived when the density ratio was evaluated at saturation conditions

1,08
(py /0yt 08,

The completed correlation presented in figure € includes the data obtained
in the present investigation and the boiling heat-transfer data from five refer-
ence sources covering a broad range of conditions. Table II lists the range of
pertinent variables. The data included a range of pressure from 18 to 2000
pounds per square inch, heat flux from 0.026 to 56.0 Btu per square inch per
second, fluid velocity from 1.33 to 204 feet per second, and subcooling from 6°
to 3360 F. The spread of the data about the solid line in figure € shows the

6



effectiveness of the correlation. Approximately 92 percent of 260 data points
are within #12 percent, as indicated by the dashed lines. Fifteen points from
three runs in reference 4 are consistently plotted below the line in the lower
portion of the curve and are not included in the evaluation of the data scatter.
These points are a small fraction of the data used from that particular reference
and appear to be inconsistent. The scatter in the upper portion of the curve is
a result of the low subcooling invclved since small errors in bulk temperature
measurements can result in large deviations. The nonboiling region of the cor-

relation exists for values of (q/kvab)[%/cp(Ts - Tb)]l'z(pv/pz)l'OB less than
0.00162, which is the incipient boiling point. When boiling persists, the data
are correlated by the following equation:

1.20/. \1.08}0-7
Nuexg — 90.0 g A ] EX> (5)
Nucgie Aoy Yy, Cp(Ts B T%)J 1

In order to demonstrate the applicability of the correlation for fluids
other than water, liquid-ammonia boiling heat-transfer data from reference 9 were
applied to equation (5). The data covered a range of variables that includes
pressure from 170 to 1174 pounds per square inch absolute, heat flux from 0. 38
to 9 Btu per square inch per second, velccity from 3 to 85 feet per second, and
subcooling from 37° to 187° F (fig. 7). The percent deviation is within the
range of the water data presented in figure 6 except for the four points obtained
at a pressure level of 170 pounds per square inch absolute.

The correlating equation (5) can only be applied to subcooled boiling. The
parameter containing the degree of subcooling of the fluid becomes infinite when
the bulk temperature approaches saturation conditions. Further studies are re-
quired to determine parameters suitable for correlating saturated boiling data.

Incipience of Boiling

A great deal of interest has been expressed in a method for predicting the
conditions required for the incipience of boiling in a subcooled fluid. An ana-
lytical treatment of this problem, presented in reference 13, results -in an equa-
tion that involves the cavity site and the thermodynamic state of the thermal
layer. This equation cannot be solved directly because of the difficulty of ob-
taining the values of two constants. One of the constants is a function of the
dimensions of the bubble site cavity. The other constant is the laminar sublayer
thickness, which varies with stream velocity. If incipient boiling data are
available, it is possible to calculate the value of the ratio of the two con-
stants by using the equation of reference 13. Wilth this ratio evaluated at a
unique velocity, it is possible to predict the variation of wall temperature with
pressure for that specific velocity. A check on the validity of this equation
was made by using the experimental data obtained in this investigation. The in-
cipient boiling data were cbtained from figure 6 at the point where the Nusselt
nunber ratio equals unity and the correlating parameter equals 0.001¢Z. The cal-
culation procedure is presented in appendix B. The results show a small dif-
ference between the experimental and calculated wall temperatures at the incep-

tion of boiling.



SUMMARY OF RESULTS

Single- and two-phase heat-transfer data were obtained by using distilled
water flowing through an Inconel X resistance-heated tube. The nonboiling data
were correlated by a modified Colburn-type equation within a 20-percent scatter.
The subcooled boiling data correlated within *12 percent by an equation, which
included a uniqgue parameter to compensate for changes in subcooling independent
of pressure.

The generality of the correlation was increased by using boiling heat-
trancfer data obtained from reference sources. The range of variables effec-
tively correlated included pressure from 16 to 2000 pounds per sguare inch abso-
lute, heat flux from 0.026 to 56.0 Btu per square inch per second, fluid ve-
locity from 1.33 to 204 feet per second, and subcooling from 6° to 336° 7,
Liquid-ammonia data obtained from the literature correlated readily within the
scatter of the water data. Further studies should be made before an attempt is
made to employ the boiling correlation to fluids other than those investigated.

Comparisons were made between wall temperatures at the incipience of boiling
a predicted by an analytically derived equation and by the experimental data.
The results show a small difference between analytical and experimental wall
temperatures. The equation used has limited applicability because experimental
data muct be availsble to calculate constants that cannot be directly measured.
These constants can be evaluated at a specific velocity and then used to predict
the variation of wall temperature with pressure for that velocity.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohic, December 4, 1962



APPENDIX A

SYMBOLS

A area

a ZUTS/AQV (eq. (Bl)), units are (ft)(°R) when ® in eq. (Bl) is in ft

Cz 1l +cos @

cp specific heat at constant pressure

d inside diameter of tube

E voltage

h heat-transfer coefficient

I current

K constant in eq. (2)

k thermal conductivity

L total length of test section

m mass~flow rate

Nucgie Nusselt number computed from modified Colburn-type equation by using
film temperature to evaluate fluid properties

Nuexp experimental Nusselt number obtained from measured heat-transfer coef-
ficient, hd/k

Pr Prandtl number, ( cpu/k) -

P pressure

Q heat flow

o} heat flux

Re Reynolds number, prbd/uf

r radius of tube

T temperature

£ (Ty 1 + Ty,) /2



v velocity

X distance to temperature station measured from beginning of heated por-
tion of test section

B contact angle

T angle of tangent to cavity mouth with respect to horizontal
o) laminar sublayer thickness

Eyo T, - Ty

g Ty - Ty

A heat of vaporization

9 viscosity

o) density

o surface tension

Q angle of bubble wall with respect to horizontal, v + B
Subscripts:

b bulk fluid

T film

i inner surface of test section

in inlet

I ligquid

o} outer surface of test section

5 saturation

v vapor

w wall at incipience of boiling

10



APPENDIX B

INCIPIENT BOILING POINT

Experimental data obtalned in this investigation were used to check the
validity of an analytically derived method of predicting the surface temperature
at the inception of boiling (ref. 13). The equation is

28,03 2&C3 28,03
byo = 05+~ * 205 + =% 5 (B1)

The incipience of boiling can be cbtained from equation (Bl) if Cz and B
are known. The quantity Cz 1is a function of the shape of the bubble-site
cavity. The quantity &, which is the thickness of the laminar sublayer, is a
function of stream velocity. Unfortunately, these values are not readily avail-
able.

If the incipient boiling point is experimentally known, it 1s possible to
calculate the ratio 8/03 by equation (Bl). This unique boiling point is
readily obtained from the correlation presented in figure 6 at the point where
the Nusselt number ratio initially departs from a value of unity. At this point,
the value of the correlating parameter on the abscissa is 0.0016ZzZ.

Four incipient boiling points were chosen; data were obtained at the same
velocity but different pressures. The ratio 6/05 was calculated from one of
these points and should remzin constant as long as the velocity is constant
(ref. 13). This ratio was then used to calculate the wall temperatures for the
other three chosen points. The calculated and experimental wall temperatures at
the inception of boiling were then compared. The computations showing the agree-
ment between computed and experimental wall temperatures are shown in table IIT.

11
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Figure 1. - Schematic drawing of test apparatus.
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nressure effect. Dashed lines drawn at a slope of 0.7.
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Ratio of Nusselt numbers, Nugyp/Nucaice
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NASA-Langley, 1963
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